We present the results of numerical analyses of the distributions of stresses and strains in specimens with notches of various sizes in monotonic uniaxial tensile tests. The applied method is based on the finiteelement method and an elastic-plastic model of the material with hardening. The distribution of the principal strains, principal stresses, and maximum plastic shear strains in the plane of symmetry of the notch is shown.
The process of material fracture is the result of physical processes on the microscopic scale [1] [2] [3] . On the macroscopic scale, the values of the variables of state, i.e., the components of the stress and strain tensors and their variations under loading, are responsible for fracture [4] . These values are determined with the help of numerical calculations, e.g., by using the finite-element method (FEM). The presence of stress and strain concentrations, e.g., notches, exerts an influence on the fracture of elements [5, 6] . The experimental research does not give a possibility to determine the values of local variables of state, such as the components of stress and strain tensors or the components of displacement vectors at each point of the specimen and, especially, inside the material. With this goal in mind, the use of the numerical method is essential. This paper presents the results of numerical modeling of the stress and strain fields in tensile (up to the point of critical load) specimens with different shapes of notches, made of EN-AW 2024 aluminum alloys (the results of the experimental research can be found in [7] ). Taking into account the nonlinear analysis and the nonlinearity of the material in the modeled problem (elastoplastic material model with work-hardening), we used the finite-element method.
Numerical Analysis
The distributions of stresses and strains in the specimens with notches and in the unnotched specimens made of EN-AW 2024 aluminum alloy were studied by using the MSC.MARC software based on the finiteelement method. In the numerical calculations, the axial symmetry of the specimen and the symmetry of the notches were taken into account (Fig. 1) . The four-node axially symmetric finite elements were applied. The nonlinear analysis with nonlinearity of the material was also taken into account. The dimensions of the specimens used in our analyses are shown in Table 1 . The maximal value of stresses σ max and the critical load F c are shown for different shapes of the notch. In the analysis, we used eight radii r K of U-type notches: 0.3, 0.5, 1, 2, 4, 8, 15, and 30 mm. The following boundary conditions (Fig. 1c) were applied in our calculations: the axial symmetry of the geometric model ( u r = 0 on the specimen axis) and the symmetry of the notch ( u z = 0 in the plane of its symmetry). In the numerical calculations, the loading was realized with the help of the specified displacements u c of the measurement base (Table 1) , which were computed for each specimen type directly (according to the experimental data) [7] . In order to describe the relationship between the stresses and strains in the specimens, an elastic and plastic material model with isotropic hardening was used. The Huber-von-Mises plasticity yield criterion was applied. The curve of material hardening was taken from paper [7] . In Fig. 2 , we show the actual σ − ε hardening curves obtained in the complete range for aluminum alloys.
The analysis determined the influence of the notch shape on the stress and strain fields in the entire loading range, the development of the plastic zone, and the location of the maximum values of stresses and plastic strains in the specimen. Some of these results have already been presented in [7] . In the tested specimen, under the influence of tensile loads in the plastic zone, the notch generates a triaxial stress state. At the time of fracture determined by the u c and F c taken from the experimental research, σ zz has the maximum value. Therefore, it is assumed that this component has the greatest influence on fracture initiation. Attention was focused on the location of the maximum value of σ zz in the specimen depending on the value of r K .
Based on the accumulated results, it was found that the distribution of σ zz depends on the size r K . For notches with larger radii ( r K ≥ 2 mm), these values are located on the specimen axis. In the case of notches with smaller radii ( r K < 2 mm), the maximum value of σ zz is attained at the root of the notch (Fig. 3) . The zone of maximum values of σ zz is very concentrated and changes as the radius of the notch increases. Increasing the radius of the notch from r K = 0.3 mm to r K = 1 mm, we see that the zone increases without changing its location and remains in the vicinity of the notch root. When r K exceeds 1 mm, this zone shifts toward the specimen axis. As r K increases further, the shape of the zone does not change.
It should be noted that, for specimens with r K = 0.3 and r K = 0.5 mm, plasticization does not take place in the entire cross section of the symmetry plane of the notch. In specimens with r K = 1 and r K = 2 mm, complete plasticization occurs under the critical load F c in the cross section of the symmetry plane of the specimen. However, the difference between the values of stresses at the notch root and on the axis is still very large. Almost identical plasticization takes place in the entire cross section for the remaining specimens with notches ( r K = 4, 8, 15, 30 mm).
The considerations presented above refer to specimens made of both aluminum alloys. From the experimental research, it is known that the fracture surface depends on the notch radius and partially or fully covers the plane of symmetry of the notch. Therefore, the distributions of the stress and strain fields were subjected to detailed analysis in the plane of symmetry of the notch, where the fracture process was initiated. In Fig. 3 , we present selected distributions: the components of the stress and plastic strain tensors and the maximal plastic shear strains under the critical load. The values of r (the distance from the specimen axis) were normalized by ϕ K .
The numerical results show that the location of the maximal normal stress and the maximal plastic strain depends on the shape of the notch and that r K has a greater influence on the stress distribution than ϕ K . Comparing the locations of the maximum value of σ zz , ε zz p , and γ max p , it is important to note that, for notches with larger radii ( r K ≥ 2 mm), these values are found on the specimen axis; therefore, at this point, fracture initiation should be expected. In the case of notches with smaller radii ( r K < 2 mm), the maximum values of stresses are detected near the notch root, while the maximum values of strains are attained exactly at the notch root. Hence, the location of crack initiation in this case is not clearly defined. The calculations show that the fracture of specimens with r K larger than 2 mm occurs in a similar way as for smooth specimens. For these radii, fracture initiation occurs at the same point on the axis of symmetry of the specimen [7] .
CONCLUSIONS
On the basis of the numerical analyses of the stress and strain fields and the results of experimental studies carried out earlier on specimens with notches made of EN-AW 2024 aluminum alloy, we can state that the normal component of the stress vector in the critical plane determines fracture. This plane, in the case of tensile specimens with notches, is perpendicular to the direction of loading. The value of the critical normal stress may depend on the maximal plastic shear strains under the assumption that the accumulated damage (and weakening of the material) occurs faster on the free surface than inside the material.
